Abstract
Introduction

56 3
The energy demand keeps rising at a worrisome speed and the accessibility of easy fossil fuel 57 reserves rapidly decrease which leads to increasing energy prices. The availability and 58 affordability of energy is a critical element of economic wellbeing and, in many countries, 59 also of industrial competitiveness. [ feedstocks can potentially provide environmental benefits as well. [3] [4] [5] Sunlight is by far the 63 largest source of energy received by the Earth and the biological production in the water from 64 the phytoplankton play a primary role in regulating the quality of the water resource. Some 65 second generation feedstocks, such as algae, can be grown with saline or wastewater rather 66 than utilizing freshwater resources.
[6]
67
Anaerobic digestion can be applied to convert microalgae biomass to biogas [7] [8] [9] either using 68 the total produced biomass or the residual fraction remaining after extraction of valuable 69 products.
[10] Anaerobic process not only recovers the energy stored in the biomass, but also 70 leads to nitrogen and phosphorous release, which can in turn be source of nutrients for the 71 microalgae culture.
[7]
72
Anaerobic digestion of microalgae has also shown several constrains. Firstly, some 73 microalgae have shown low biodegradability compared to other feedstocks. This is due to the 74 cell walls of some microalgae species which are composed of complex carbohydrates hardly 75 biodegradable. [11, 12] These cell walls act as a defence of the intracellular organic 76 macromolecules from bacterial attack. Another obstacle to the anaerobic digestion of 77 microalgae is its relatively high N content and low C/N ratio, due to its high protein fraction.
78
Substrates of low C/N ratio are likely to produce excessive ammonia, which inhibits the 79 growth of anaerobic microorganisms and consequently hindering or even stopping the 80 digestion process. [13] In addition, high salinity levels, which can be usually found in which Scenedesmus was supposed to be highly recalcitrant to digestion due to a tough 89 polysaccharide-based cell wall.
[15] Frigon et al. [14] have also hypothesized that most probably 90 the specific inoculum used in their BMP assays had a stronger cytolytic activity than inocula 91 from other studies, allowing a higher methane production.
92
The aim of the present study was to evaluate the methane production and the kinetics of for each flask as well as the required agitation to keep the microalgae in suspension. The 119 temperature was 25°C. Nostoc sp. was cultivated using 50% of BG-11 medium, [16] and 50%
120
of F/2 medium.
[17] Then, the biomass was collected by centrifugation for 3,500 rpm during 5 121 min (Avanti J25, Beckman).
123
Biochemical methane potential (BMP) tests
124
BMP tests were performed in a multi-batch vessel system, which provides continuous 125 agitation by magnetic bars, set at 300 rpm for this study. The effective volume of reactors 126 was 150 mL. A thermostatic water bath kept the tests at mesophilic temperature (35±2 ºC).
127
The inoculum used in the BMP test was taken from a full-scale anaerobic reactor treating The substrate to inoculum ratio was 0.5 (VS basis Standard methods 2540B and 2540E were followed in order to determined TS and VS, 150 respectively; [18] COD was determined as described by Raposo et al. [19] pH was measured Microalgae structure and composition
157
The green alga Scenedesmus contains a multi-layered cell wall that forms 4-celled colonies.
158
The sugar constituents of the rigid cell wall are glucose (major), galactose and mannose.
[20]
159
The trilaminar structure of the outer wall layers is resistant to enzymes like cellulases,
160
hemicellulases, lysozyme and other hydrolases. Furthermore, the inner wall layers contribute 161 to the cell walls rigidity due to the glucosamine-containing biopolymers and glicoproteins 162 content.
[20] Scenedesmus contains high proportion of proteins and lipids in its inner 163 composition.
[21]
164
Chlorella is a genus of single-cell green algae with a diameter of 4-10 μm, belonging to the can be attributed to the effects of salinity. [14] Salinity and more specifically sodium 228 monovalent cations do pose a problem to bacteria associated with anaerobic digestion. [13] 229
Rinzema et al. [42] demonstrated that acetoclastic methanogens were inhibited by 10%, 50%
230
and 100% with sodium concentration of 5, 10 and 14 g/L, respectively. In the present work, 231 mineral fraction of D. salina slightly higher than 13 g/L were measured at the beginning of 232 the BMP test, which, in addition to the low ratio g COD/g VS found for this microalgae
233
(0.68±0.01 g COD/g VS) could have caused its low methane yield.
234
Finally, Nostoc sp. gave the lowest methane yield, which can be attributed to its rigid and 235 complex cell wall. This cell wall has been reported to include several polysaccharide and 236 glycolipid layers.
[43] Nostoc contains two pigments, red phycoerythrin and blue phycocyanin.
237
These compounds usually combined to form clusters that stick to the cell membrane, [44] 238 which may be an additional cause of the low methane yield obtained for Nostoc sp. 
Kinetics of methane production 241
First-order exponential model (equation (1)) is commonly used to correlate methane 242 production from biodegradable substrates in batch anaerobic digestion processes with time:
245
where: B (mL CH 4 /g VS added ) is the cumulative specific methane production, B max (mL CH 4 /g 246 VS added ) is the ultimate methane production, k is the specific rate constant (days -1 ) and t (days) 247 is the time.
248
This first-order model was applied for all the microalgae tested. Sigmaplot software (version 249 11.0) was used to calculate parameters k and B max for these BMP assays (Table 4) fit of experimental data to the first-order exponential model. Table 4 shows the specific rate 253 constants (k) and ultimate methane yield obtained for the four microalgae tested.
254
The lowest kinetic constant was found for the species S. obliquus, 0.097±0. enhancements were attributed to the disruption of microalgae cell walls and increase in 263 organic matter solubilisation.
[11] Specifically, the amino acid extraction process improved the 264 digestion in a higher extent compared to the lipid extraction because of its higher hydrolytic 265 effect.
[11]
266
The ultimate methane yield of C. sorokiniana was achieved after 10 days of digestion with a 267 kinetic constant of 0.48±0.03 days -1 . Some authors have pointed out the slow degradation of
268
Chlorella genre which has cell wall composed of some complex carbohydrates that partially 269 impede the action of the microorganisms responsible for the anaerobic degradation. [15] In any 270 case, the kinetic constant obtained in the present work was higher than those reported by 271 Mendez et al. [46] in batch anaerobic digestion tests of thermochemically pretreated Chlorella 272 vulgaris (0.08-0.14 days -1 ).
273
Although D. salina showed a low ultimate methane yield, the kinetic constant obtained was 274 quite high (1.00 ± 0.08 days -1 ). As it is well known the use of salt-containing organic residues 275 entails the presence of salts which inhibits methanogenesis [13, 47] as shown by the low 276 methane yield obtained. However, it has not severely affected the degradation rate.
277
Although the lowest value of the methane yield was obtained for Nostoc, the quick tool for resource recovery from a biodiesel production process from microalgae. J.
324
Biobased Mater. Bioenergy 2015, 9, 342-349.
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